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HYDROXYL BOND REMOVAL AND FILM
DENSIFICATION METHOD FOR OXIDE
FILMS USING MICROWAVE POST
TREATMENT

FIELD OF THE INVENTION

This 1invention pertains to methods for forming high den-
sity dielectric films. More specifically, the invention pertains
to methods of treating deposited dielectric films with micro-
wave radiation.

BACKGROUND OF THE INVENTION

Layers of dielectric film are used 1n several applications in
sub-micron integrated circuit (IC) fabrication. Four such
applications are shallow trench 1solation (STI), premetal
dielectric (PMD), inter-metal dielectric (IMD) and interlayer
dielectric (ILD). All four of these layers require silicon diox-
ide films that fill features of various sizes and have uniform
film thicknesses across the water.

Chemical vapor deposition (CVD) has traditionally been
the method of choice for depositing conformal silicon dioxide
f1lms. However, as design rules continue to shrink, the aspect
ratios (depth to width) of features increase, and traditional
CVD techmiques can no longer provide adequately conformal
films 1n these high aspect ratio features.

Two alternatives to CVD are atomic layer deposition
(ALD) and pulsed deposition layer (PDL). ALD methods
involve self-limiting adsorption of reactant gases and can
provide thin, conformal dielectric films within high aspect
ratio features. ALD methods have been developed for the
deposition of silicon oxide film. An ALD-based dielectric
deposition technique typically involves adsorbing a metal
containing precursor onto the substrate surface, then, 1 a
second procedure, introducing a silicon oxide precursor gas.
The silicon oxide precursor gas reacts with the adsorbed
metal precursor to form a thin film of metal-doped silicon
oxide. Films produced by ALD are very thin (1.e., about one
monolayer); therefore, numerous ALD cycles must be
repeated to adequately fill a gap feature.

PDL processing (also known as rapid vapor deposition
(RVD)processing) 1s similar to ALD 1n that reactant gases are
introduced alternately over the substrate surface, but in PDL
the silicon oxide film can grow more thickly. Thus, PDL
methods allow for rapid film growth similar to using CVD
methods but with the film conformality of ALD methods.

While ALD and PDL are useful to form conformal films,
conventional ALD and PDL processes are apt to result in
arcas ol low density forming 1n the films. The conformal
nature of ALD and PDL processes means that the aspect ratios
of the gaps increase with successive cycles. Diffusion limita-
tions prevent precursor materials from reaching the bottom of
these high aspect ratio gaps. Hence, the top of a gap may {ill
with silicon oxide more quickly than the bottom, preventing,
turther diffusion of the precursor materials into the gap. As a
result, areas of low density form. These areas can expand and
become voids and seams 1n subsequent processing steps.
Voids and seams ultimately may cause device failure.

Currently, thermal annealing processes are used to increase
f1lm density after the film 1s deposited. While these processes
increase density, the temperatures used (around 700° C.) are
unsuitably high for many applications. For example, PMD
applications often require substrate temperatures of less than

400° C.

10

15

20

25

30

35

40

45

50

55

60

65

2

What 1s therefore needed are improved methods for form-
ing conformal films with increased density, particularly for
applications requiring low thermal budgets.

SUMMARY OF THE INVENTION

The present mvention meets these needs by providing
methods of forming dielectric films with increased density
and improved film properties with low thermal budget. The
methods mvolve exposing dielectric films to microwave
radiation. According to various embodiments, the methods
may be used to remove hydroxyl bonds, increase film density,
reduce or eliminate seams and voids, and optimize {ilm prop-
erties such as dielectric constant, refractive index and stress
for particular applications. In certain embodiments, the meth-
ods are used to form conformal films deposited by a technique
such as PDL. The methods may be used in applications
requiring low thermal budgets.

One aspect of the imnvention relates to a method of filling a
gap on a semiconductor substrate. The method mvolves pro-
viding a semiconductor substrate having a gap in a deposition
reaction chamber; exposing the substrate surface to a metal-
containing precursor gas to form a saturated layer of metal-
containing precursor on the substrate surface; exposing the
substrate surface to a silicon-containing precursor gas to form
dielectric material 1n the gap; and exposing the dielectric
material to microwave radiation.

According to various embodiments, exposure to the micro-
wave radiation may increase the density of the matenal,
reduce number of hydroxyl bonds, reduce the dielectric con-
stant and/or increase the tensile stress of the film.

Another aspect of the invention relates to method of pre-
paring a dielectric film on a substrate. The method involves
depositing a dielectric material containing hydroxyl bonds on
a substrate, and exposing the dielectric material to microwave
radiation to reduce the number of hydroxyl bonds.

A further aspect of the mvention relates to a method of
preparing a dielectric film on a substrate. The method
involves depositing a dielectric material on a substrate; and
exposing the dielectric material to microwave radiation to
increase the tensile stress of the film.

According to various embodiments, exposure to micro-
wave radiation 1n the above methods may be used for appli-
cations that require low thermal budgets. For example, 1n
certain embodiments, substrate temperatures during expo-
sure to microwave radiation may be below about 500° C.,
400° C. or 300° C.

These and other aspects and advantages of the invention are
described further below and with reference to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1C are schematic cross-sectional diagrams 1llus-
trating seam/void formation during deposition of a conformal
film 1n a trench by a conformal film deposition technique.

FIG. 2 1s a process flowchart depicting the process flow of
a method of filling gaps on semiconductor substrate in accor-
dance with one embodiment of the present invention.

FIG. 3A presents FTIR spectra of a silicon oxide film
containing S1—OH bonds pre- and post-exposure to micro-
wave radiation.

FIG. 3B presents a blown-up view of wavenumbers 2900-
4000 1/cm of the spectra shown 1n FIG. 3A.

FI1G. 4 1s a graph comparing the stress and stress stability of
a silicon oxide film that has been annealed by exposure to
microwave radiation with that of furnace annealed silicon
oxide films.
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FIG. 5 1s a block diagram depicting various reactor com-
ponents arranged for implementing the deposition of dielec-
tric {ilms 1n the present imvention.

DETAILED DESCRIPTION OF THE INVENTION

In the following detailed description of the present inven-
tion, numerous specific embodiments are set forth 1n order to
provide a thorough understanding of the invention. However,
as will be apparent to those skilled 1n the art, the present
invention may be practiced without these specific details or
by using alternate elements or processes. In other instances
well-known processes, procedures and components have not
been described 1n detail so as not to unnecessarily obscure
aspects of the present mnvention.

As indicated, one aspect of the present invention provides
methods of forming dielectric films with increased density by
exposing deposited films to microwave radiation. In specific
embodiments, the methods may be used with conformal film
deposition techniques such as PDL and ALD, for example, 1n
gap-11ll applications. However, the invention 1s not limited to
films deposited by these techniques but may also be used to
increase density of any dielectric film, including silicon oxide
film having hydroxyl bonds, e.g., 1n silanol groups. Other
aspects of the invention, such as increasing the tensile stress
of the film, may also be extended to dielectric films deposited
by any method.

Filling structures such as trenches with doped or undoped
silica glass 1s required for shallow trench isolation (STI),
premetal dielectric (PMD), inter-metal dielectric (IMD) and
interlayer dielectric (ILD) applications. Two methods that are
used for conformal gap-1ill are PDL and ALD.

Generally, a PDL method involves sequentially depositing,
a plurality of atomic-scale films on a substrate surface by
sequentially exposing and removing reactants to and from the
substrate surface. First, a metal-containing precursor gas 1s
injected into a chamber and the molecules of the gas are
chemically or physically adsorbed to the surface of a sub-
strate, thereby forming a “saturated layer” of the metal-con-
taining precursor. Typically, the remaining gas in the chamber
1s then purged using an inert gas. Therealter, a silicon-con-
taining precursor gas 1s injected so that 1t comes in contact
with the adsorbed layer of the metal-containing precursor and
reacts to form a reaction product. Because the saturated layer
of the metal-containing precursor 1s nominally thin and
evenly distributed over the substrate surface, excellent film
step coverage can be obtained. The substrate 1s exposed to a
s1licon-containing precursor for a period of time sufficient for
silica film to grow to thickness 1n excess of one monolayer.
Further cycles of substrate exposure to the metal-containing
precursor, followed by exposure to the silicon-containing
precursor, can be implemented and repeated as needed for
multiple layers of material to be deposited.

Another deposition technique related to PDL 1s ALD. PDL
and ALD are both surface-controlled reactions involving
alternately directing the reactants over a substrate surface.
Conventional ALD, however, depends on self-limiting typi-
cally monolayer producing reactions for both reactant gases.
As an example, after the metal-containing precursor 1s
adsorbed onto the substrate surface to form a saturated layer,
the silicon-containing precursor 1s mntroduced and reacts only
with the adsorbed metal-containing precursor. In this manner,
a very thin and conformal film can be deposited. In PDL, as
previously described, after the metal-containing precursor 1s
adsorbed onto the substrate surface, the silicon-containing
precursor reacts with the adsorbed metal-containing precur-
sor and 1s further able to react to accumulate a self-limiting,
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but much thicker than one monolayer film. Thus, as stated
previously, the PDL process allows for rapid film growth
similar to using CVD methods but with the conformality of
ALD type methods.

The differences between conventional ALD and PDL film
formation are principally due to the difference between the
thicknesses of the films formed after the completion of each
type of process and arise from the nature of the metal-con-
taining species used in the imtial layer. In ALD, a single
exposure to the metal-containing precursor leads to the for-
mation of amonolayer of the product film (generally less than
5 A thick), while in PDL, the metal-containing precursor
catalyzes formation of more than a monolayer of silica film.
The typical growth is greater than 150 A/cycle. Many of the
critical features of the above-mentioned applications can be
filled mn 3-4 PDL cycles. Typically, a silica PDL process
utilizes trimethyaluminum (TMA) as the process aluminum
precursor.

Films deposited by typical PDL precursors contain a large
number of hydroxyl groups. Films deposited by ALD and
thermal, sub-atmospheric CVD processes also have a large
number of hydroxyl groups. It 1s necessary to remove these
groups 1n order to increase the density and strengthen the
material. In addition, as deposited, the films also have high
dielectric constants, e.g., around 7. Removing the hydroxyl
groups 1s also necessary to lower the dielectric constant as
required for many device applications.

The present imnvention will now be described 1n detail,
primarily with reference to PDL processes for the deposition
component o the gap fill process. It should be understood that
ALD processes may also be used for gap fill in accordance
with the mmvention. Relevant details of ALD processes in
general are described 1n M. Ritala and M. Leskela, “Atomic
layer deposition”, Chapter 2, Handbook of thin film mater-
als, vol. 1, “Deposition and processing of thin films”, Hari
Singh Nalwa, Ed. (Academic Press, 2002). Given these
details and the description provided herein, one of skill in the
art would be able to implement the ALD aspect of the inven-
tion.

Further, as indicated above, the microwave annealing
aspect of the invention 1s generally applicable to any doped or
undoped dielectric (silicon oxide and silicon nitride) films,
regardless of deposition method. For example, hydroxyl
group removal by microwave annealing as described below
may be applied to any dielectric containing them. Increasing
film stress by microwave annealing as described below may
be applied to any doped or undoped dielectric silicon oxide or
s1licon nitride films. The methods are particularly appropriate
for processes that require low thermal budgets (i.e., substrate
temperatures below about 400° C., or 1n some embodiments,
below about 300° C.).

The polymeric film deposited by the PDL process
described above requires densification 1n order for its prop-
erties to match those of silicon oxide (USG) and to be suc-
cessiully mtegrated into functioming devices. Moreover, the
conformal nature of the process may result in the formation of
seams, which can expand into voids during subsequent pro-
cessing. One manner in which this occurs 1s 1llustrated 1n
FIGS. 1A-1C. FIGS. 1A-1C are schematic cross-sectional
diagrams 1llustrating seam/void formation during deposition
of a conformal film 1n a trench by a conventional conformal
f1lm deposition technique. FIG. 1A shows trench 101 prior to
being filled. To fill the trench, dielectric film 1s deposited
conforming to the walls of the trench by a conformal film
deposition technique such as PDL. Layers of film fill the
trench. FIG. 1B shows the trench after multiple PDL cycles.
As the dielectric film 103 fills the trench and the fronts of film
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conforming to each side advance toward each other, the
trench width 105 becomes increasingly narrow. As the trench
width narrows, reactants require more time to diffuse to the
bottom of the trench. The diffusion limitation slows the rate of
reaction at the bottom of the trench, causing the dielectric film
to form more quickly near the top of the trench. This causes an
area of low density at the bottom of the trench. FIG. 1C shows
the trench after the last PDL cycle. A void 107 wideming
toward the bottom of the trench has formed.

According to certain embodiments, the present invention
provides methods to anneal dielectric films, increasing the
film density and reducing or eliminating seams and voids. The
methods 1nvolve exposing the films to microwave radiation.
Without being bound by a particular theory, 1t 1s believed that
the microwave radiation results in raising the internal heat of
the film (1.e., heating at the molecular level) by causing oscil-
lations of local molecular polarized dipoles. This causes
O—H bonds to break, reducing or eliminating silanol (S1—
OH) groups 1n the film. This approach 1s fundamentally dii-
terent from traditional thermal anneal approaches where heat
1s transierred by convection. In addition, unlike thermal
annealing processes, low substrate temperatures may be
maintained throughout exposure to microwave radiation in
accordance low thermal budget requirements of many appli-
cations.

FIG. 2 1s a process flowchart depicting a process flow of a
method of filling gaps on semiconductor substrate 1n accor-
dance with one embodiment of the present invention. The
method (200) 1nvolves providing a semiconductor substrate
in a deposition reaction chamber (201). For many embodi-
ments of the invention, the substrate 1s a semiconductor water.
A “semiconductor water” as discussed in this document 1s a
semiconductor substrate at any of the various states ol manu-
facture/fabrication in the production of integrated circuits. As
mentioned previously, one commercially important applica-
tion of the present invention 1s 1n various dielectric gap-ill
applications such as filling of STI and PMD {features. The
substrate surface 1s exposed to a metal-containing precursor
gas to form a saturated layer of metal-containing precursor on
the substrate surface (203). Examples of metal-containing,
precursors are aluminum, zirconium, hainium, gallium, tita-
nium, niobium, or tantalum compounds. In embodiments
wherein PDL 1s employed, the metal-containing precursor
may be transition metal precursor, or preferably an alumi-
num-containing precursor, capable of aiding the catalytic
polymerization of the subsequently added silicon-containing
precursor to produce a {ilm thicker than a monolayer. In some
preferred embodiments, for example, hexakis(dimethylami-
no)aluminum (Al,(N(CH,),),) or trimethylaluminum (Al
(CH,);) are used. Other suitable aluminum-containing pre-
cursors 1nclude, {for example, trniethylaluminum (Al
(CH,CH,);) or aluminum trichlonnde (AICl;). Exposure
times suitable for forming a saturated layer are typically only
seconds. In some embodiments, for example, an exposure
time of about 2 seconds 1s found to be sufficient.

In some embodiments, the temperature of the substrate 1s
optimized during exposure to the metal-containing precursor
to achieve high surface coverage by the metal-containing
layer and improved gap-1ill properties. In preferred embodi-
ments wherein the metal-containing precursor 1s an alumi-
num-containing precursor, the temperature of the substrate 1s
between about 150° C. and 2350° C. In particularly preferred
embodiments, the temperature of the substrate 1s between
about 150° C. and 200° C.

The substrate surface 1s then exposed to a silicon-contain-
ing precursor gas (2035). This step may occur 1n the same or a
separate chamber as the step 203. Any suitable silicon-con-
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taining precursor that can suiliciently adsorb onto and react
with the saturated layer of aluminum-containing precursor to
form a dielectric film may be used. In embodiments wherein
PDL 1s employed, the silicon-containing precursor should be
capable of polymerization when exposed to the adsorbed
aluminum-containing precursor to produce a film thicker than
a monolayer. Preferred silicon-containing precursors include
silanols and silanediols, such as alkoxysilanols, alkyl alkox-
ysilanols, alkyl alkoxysilanediols and alkoxysilanediols.
Examples of suitable precursors include tris(tert-butoxy )sil-
anol ((C,H,0),S10H), tris(tert-pentoxy)silanol ((C;H,,0);
S10H), di(tert-butoxy)silandiol ((C,H,0),S1(OH),) and
methyl di(tert-pentoxy)silanol.

Other gases may be introduced to the chamber with the
s1licon-containing precursor gas. Such gases include an oxy-
gen source and/or a hydrolyzing agent. Examples of oxygen
sources include O,, O,, H,O,, NO,, N,O,, N,O. or HNO,.
Examples of hydrolyzing agents are compounds containing
hydrogen with some protoic character such as H,O or H,O,,
HF or HCI. Additionally, any dopant gas may be introduced,
including phosphorous-, fluorine- and carbon-containing
dopant gases. A carrier gas may also be used. Typically the
carrier gas 1s an inert gas.

In some embodiments, the temperature of the substrate 1s
optimized during exposure to the silicon-containing precur-
sor to achieve improved film properties. In certain embodi-
ments wherein the silicon-containing precursor 1s a silanol,
the temperature of the substrate 1s between about 200° C. and
300° C. Exposure times suitable for reacting with the metal-
containing precursor are typically only seconds.

In the embodiment depicted in FIG. 2, steps 203 and 205
are then repeated until the desired amount of film 1s deposited,
for example, until gap 1s substantially filled (207). After the
desired amount of {ilm 1s deposited, the substrate 1s provided
to a chamber connected to or containing a microwave source
and suitable for exposing the substrate to microwave radiation
(209). According to various embodiments, the chamber may
be the same or a different chamber than the deposition cham-
ber or chambers.

The film 1s exposed to microwave radiation (211) 1n a
manner that results 1n the densification and/or improved prop-
erties of the film. Typical microwave frequencies range
between about 1-4 GHz, with 2.45 GHz used 1n a particular
embodiment. Microwave power typically ranges between
about 100 W and 7 kW, and more preferably between 1 kW
and 4 kW, for example 3 KW 1n one embodiment. According
to various embodiments, the microwave anneal may increase
stress, reduce the dielectric constant and/or eliminate seams
and voids.

Microwave exposure times can vary broadly, depending on
the application. Typical exposure times to obtain good prop-
erties may range from below 5 minutes to several hours. In
some embodiments, exposure times of 40-60 minutes are
used. Temperature may also range from room temperature to
600 degrees Celsius. Of course, for certain embodiments,
lower temperatures are preferred. For example, PMD appli-
cations are very temperature sensitive, and so will often
require temperatures below about 400° C.

In preferred embodiments, the process of 211 occurs 1n an
inert environment. Such environments may include an nert
gas such as nitrogen, heltum or argon 1n the reaction chamber.
In some embodiments of the invention, a more reactive ambi-
ent comprising a gas such as hydrogen may be used during
microwave exposure. A combination of the reactive and inert
gases mentioned above may also be used. In preferred
embodiments, microwave exposure 1s performed 1 a no-
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oxygen ambient, to prevent film oxidation. The pressure dur-
Ing microwave exposure 1s typically between 1 uTorr and 760
lorr.

Although not shown 1n FIG. 2, 1t should be noted that
introduction of a purge gas can be used 1n between operations 5
wherein contact between reactant gases should be avoided,
including between each PDL or ALD cycle. Further, the purge
gas can be tlowed continuously during any of these operations
and a period or periods between the operations. Purge gases
are generally chemically inert. However, gases potentially 10
reactive with the substrate surface (H2, O2 or steam) may be
used for specific embodiments. The reaction chamber may
additionally be evacuated following the gas purge step.

Removing Hydroxyl Bonds

As discussed above, PDL films contain many hydroxyl
bonds, the removal of which 1s necessary for increased den-
sity and reduction of the dielectric constant. FIG. 3 A presents
FTIR spectra of a silicon oxide film deposited by PDL, pre-
and post-anneal. Reference number 301 indicates the spec-
trum of a film as deposited, 303 of the film after 5 minutes of
exposure to microwave radiation, 305 after 30 minutes of
exposure to microwave radiation, and 306 after 60 minutes of
exposure. FIG. 3b presents a blown-up view of the wavenum-
ber of the FTIR spectra from 2900 to 4000 1/cm. The presence
of hydroxyl bonds 1n silanol groups 1s indicated by the absor-
bance around 3400 I/cm. As can be seen from FIG. 3B, the
hydroxyl bonds are completely eliminated after 60 minutes of
microwave exposure. Shorter exposure times may be
obtained by varying process parameters.

In addition to the complete hydroxyl bond removal shown
in FIG. 3a, the microwave annealing lowers the dielectric
constant of the deposited film, e.g., from about 7 to about 4
and lowers the refractive index. According to various embodi-
ments, dielectric constants of between about 4.0+/-0.1 are
obtained. Refraction indices of between about 1.45+/-0.01
are obtained. Removing hydroxyl bonds also increases the
density of the film. According to various embodiments, film

shrinkage of 5% 1s obtained.
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Increasing Tensile Stress 40

In certain embodiments, high tensile stress oxide films are
desired. High tensile stress oxide for the applications includ-
ing STI and PMD gap-fill can reduce the overall stress of the
stack during integration, which 1n turn improves electrical
performance. 45

In certain embodiments of the present invention, the micro-
wave annealing step (e.g., step 211 1 FIG. 2) may be used to
increase tensile stress of the deposited film. FIG. 4 shows
stress 1n dyne/cm?2 as a function of time of silicon oxide films
subjected to various forms of annealing, specifically anneal- 50
ing in a furnace for 1 hour at 600° C.; annealing in a furnace
in the presence of nitrogen for 1 hour at 850° C., and micro-
wave annealing for 10 minutes 1n air ambient and at atmo-
spheric pressure. Tensile stress 1s shown of the films as depos-
ited (at time -1 day) and as annealed (at time O days), and at 55
1, 4 and 7 days of exposure to atr.

As deposited, stress ranges from about 0-12x10° dyne/
cm?2. It can be seen from FIG. 4, that while furnace annealing
for one hour increases tensile stress slightly (no more than
about 8 MPa), exposure to microwave radiation at 400° C. for 60
10 minutes results 1n significant stress increase (from about
1x10° to about 30x10° dyne/cm?). Further, the film exposed
to microwave radiation exhibits a similar degree of stress
stability as the furnace annealed films, that 1s to say that the
tensile stress does not change significantly after prolonged 65
ambient exposure as shown by the relatively flat stress vs.
time curve 1 FIG. 4.

8

According to various embodiments, tensile stress of oxide
films between about 90 MPa -500 MPa may be obtained. For
example, 1n one experiment stress was increased from 90

MPa to 323 MPa after exposure to 1 hour of microwave
radiation at 400° C.

Process Parameters

Microwave Radiation

Frequency

It will be appreciated by those skilled in the art that the
microwave radiation used with the invention encompasses all
microwave irequencies. Methods of the imvention utilize
microwave radiation for various operations removing
hydroxyl bonds, increasing density, reducing seams and
voids, lowering the dielectric constant and increasing tensile
stress. Some operations may more elfectively be imple-
mented using microwave radiation with a particular range of
frequencies, 1.e., frequency distribution. However, 1n particu-
lar embodiments, for all operations, low frequency micro-
wave radiation, 1.e., between 1 and 4 GHz 1s used.

Frequencies between about 0.3 and 4 GHz, more prefer-
ably between about 1 and 4 GHz, and in some embodiments
at about 2.45 GHz have been found to work well for all of the
stated applications. These lower microwave frequencies have
resulted 1n significantly better OH removal than higher micro-
wave Irequencies (e.g. around 7 GHz).

Power and Exposure Time

Microwave power and exposure time are largely functions
of each other (with higher power requiring less time), as well
as frequency and film density and thickness. Power may range
from 100 W -7 kW, with 1-3 KW preferred, and 3 kW used 1n
a particular embodiments. Typical exposure times may range
from seconds to tens of hours.

Of course, power should be high enough and exposure time
long enough to remove hydroxyl bonds, increase density,
lower dielectric constant or increase tensile stress as desired.
In specific embodiments, exposure time of about 40 minutes
to 1 hour 1s used with 1200 kW power. In commercial
embodiments, 1t may be desirable to raise microwave power
to allow for reduced exposure time.

lTemperature

Substrate temperature during microwave radiation e€xpo-
sure typically ranges between about —10 and 600° C. How-
ever, as discussed above, the use ol microwave radiation
allows for lower thermal budgets than thermal annealing
since heat 1s not transferred by convenction. Thus 1n specific
embodiments, the temperature may be below about, for
example, 500° C., 400° C., 300° C., 100° C. or room tem-
perature.

Pressure and Ambient Conditions

Pressure typically ranges from O to 760 Torr, with atmo-
spheric pressure used 1n certain embodiments. Microwave
exposure may be performed in the presence of gases such as
argon, hydrogen, helium, nmitrogen, air or mixtures thereof.

Other Process Conditions

The microwave radiation may be applied continuously or
pulsed. Also 1n preferred embodiments the microwave radia-
tion 1s applied in TE and/or TM mode.

Apparatus

The present invention can be implemented in many differ-
ent types ol apparatus. In preferred embodiments, the appa-
ratus will include one or more chambers (sometimes referred
to as process vessels) that house one or more wafers and are
suitable for waler processing. At least one chamber waill
include a microwave source. A single chamber may be
employed for all operations of the invention or separate cham-
bers may be used. Each chamber may house one or more
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walers for processing. The one or more chambers maintain
the wafer 1n a defined position or positions (with or without
motion within that position, e.g. rotation, vibration, or other
agitation) during procedures of the mvention. For certain
operations 1n which the water temperature 1s to be controlled,
the apparatus may include a heating or cooling platen. Any
suitable deposition chamber may be used 1n embodiments
that include deposition of the dielectric film. Examples of
suitable conformal deposition apparatuses are described 1n
U.S. patent application Ser. No. 11/026,284, hereby incorpo-
rated by reference 1n 1ts entirety. In a preferred embodiment,
the microwave chamber 1s capable of processing multiple
walers simultaneously.

FIG. § 1s a simplified schematic diagram of an example of
a microwave exposure chamber 501 1n accordance with the
invention. Chamber 501 1s capable of holding a vacuum and/
or containing gases at pressures above atmospheric pressure.
For simplicity, only one chamber 501 1s shown. It 1s noted that
in preferred embodiments, chamber 501 1s one chamber 1n a
multi-chambered apparatus (entire apparatus not shown),
although chamber 501 could alternatively be part of a stand-
alone single chambered apparatus.

Water 505 rests on rotating quartz table 503 1n a position
such that radiation from a microwave source can irradiate
waler 505. Water 505 may also be in contact with a heater (not
shown) that can heat the water to defined temperatures, or a
chuller to cool the water. Chamber 501 1s configured with a
gas inlet 5135, which 1s connected to a gas source (not shown),
and with a vacuum outlet 513, which 1s connected to a
vacuum pump (not shown). The amount of gas introduced
into chamber 501 can be controlled by valves and mass flow
controller (not shown) and pressure 1s measured by pressure
gauge (not shown).

In this example, microwave source 507 1s mounted outside
the chamber 501. In alternate embodiments, the microwave
may be housed inside chamber 501. Note that this 1s only an
example of a suitable configuration. In general, it 1s preferable
that the microwave source or sources are arranged to provide
uniform microwave radiation to the water. In some embodi-
ments, microwave radiation 1s applied directly on the water.
In others, a remote microwave source can be mounted on
chamber 501.

In a preferred embodiment, a remote microwave source 1s
used to 1on1ze the gases fed into the chamber, and, 1n addition,
the substrate 1s 1rradiated by a second source mounted on the
microwave chamber.

During normal operation, chamber 501 i1s first evacuated
via vacuum outlet 513, and then the mert gas (e.g., argon,
nitrogen) 1s introduced via gas inlet 513 to a certain chamber
pressure or the chamber 1s left under vacuum. Next, micro-
wave source 507 1s turned on to provide uniform microwave
radiation of an appropriate frequency to remove hydroxyl
bond 1n the material and leave a dielectric layer on water 505.
Chamber 501 1s under pressure </=1 atm to remove volatil-
1zed residues or under continuous purge to remove any of the
gases evolving during microwave exposure. Inert gas 1s again
introduced via gas inlet 513 or the chamber 1s left under
vacuum. Next, the microwave source 1s turned or left on to
mechanically strengthen the dielectric layer on watfer 505.
Typically, water 505 1s then removed from chamber 501.

Note that the apparatus depicted in FIG. 5 1s only an
example of a suitable apparatus and other designs for other
methods involved 1n previous and/or subsequent processes
may be used. For example, methods of the invention may be
used with a standard deposition chamber used to deposit the
dielectric layer 11 the chamber 1s equipped with a microwave
radiation source.
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EXPERIMENTAL

The following example provides details illustrating aspects
of the present invention. This example 1s provided to exem-
plify and more clearly illustrate these aspects of the invention
and 1s 1n no way 1ntended to be limiting.

Example 1

Dielectric film was deposited on a water by a pulsed depo-
sition layer process using trimethylaluminum and tris(tert-
pentoxy)silanol as the metal-containing and silicon-contain-
Ing precursor gases, respectively. The deposited film was then
exposed to microwave radiation at 2.45 GHz and 1200 W at
atmospheric pressure. The overall substrate temperature did
not exceed 400° C. during the microwave exposure. FTIR
spectra of the film as deposited, and after 5 min and 60
minutes 1s shown 1n FIGS. 3A and 3B, and discussed above.
As noted above, the hydroxyl bonds on the S1—OH groups
were completely eliminated by 60 minutes of exposure. In
addition, the dielectric constant was lowered from 7.0 to
4 .0—indicating that the film was completely cured. Retrac-
tion index was lowered from 1.457 to 1.445. Film shrinkage
was 5.0%.

Dielectric film was deposited on a waler 1n the same man-
ner as above, and subjected to thermal anneal at 400° C. until
the peak at 3400 1/cm was reduced (indicating hydroxyl bond
removal). Even after 5 hours of film curing in a convection
turnace (at 400 C, under atmospheric pressure, and 1n air), the
dielectric constant was 5, indicating that the film was not
completely cured.

Example 2

Dielectric film was deposited on a waler 1n the same man-
ner as described in Example 1. The tensile stress of the depos-
ited was measured as 93 MPa. The deposited film was then
exposed to microwave radiation at 2.45 GHz and 1200 W at
atmospheric pressure and air ambient for 40 minutes. Sub-
strate temperature was less than or equal to 400° C. Tensile
stress was 323 MPa after annealing.

Dielectric film was deposited on a waler as described
above. The waler was then thermally annealed at 600° C. for
1 hour. After annealing the tensile stress was measured at 125
MPa—significantly lower than that achieved by microwave
annealing.

Other Embodiments

This method applies to the deposition of silica (USG).
However, this method may also be used for depositing doped
silica films, such as fluorine-doped silicate glass (FSG), phos-
phosilicate glass (PSG), boro-phospho-silicate glass (BPSG),
or carbon doped low-k materials.

Other deposition co-reactants, such as silanols with vary-
ing substituents (e.g., more than one kind of alkoxy substitu-
ent) may be used to improve the film characteristics. For an

example, see U.S. patent application Ser. No. 10/874,814,
filed Jun. 22, 2004, titled “Mixed Alkoxy Precursors and

Methods of Their Use for Rapid Vapor Deposition of S10,
Films.” Furthermore, the properties of the dielectric film may
be improved by other means as well, including by using an
aluminum oxide nucleation layer formed by ALD prior to the

application of the silica layer. See, for example, U.S. patent
application Ser. No. 10/875,158, filed Jun. 22, 2004, titled
“Silica Thin Films Produced By Rapid Surface Catalyzed

Vapor Deposition (RVD) Using a Nucleation Layer.” Note
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also that this technique may be used 1n combination with a
phosphorous getterer as described 1n U.S. patent application
Ser. No. 10/874,808, filed Jun. 22, 2004, titled “Aluminum
Phosphate Incorporation In Silica Thin Films Produced By
Rapid Surface Catalyzed Vapor Deposition (RVD).” The
above-referenced applications are incorporated by reference
in their entirety for all purposes.

Further, as discussed above, microwave annealing may be
applied to any dielectric film, regardless of deposition
method. In particular, microwave annealing to increase ten-
sile stress may be applied to any doped or undoped silicon
oxide or silicon nitride film.

While this invention has been described in terms of several
embodiments, there are alterations, modifications, permuta-
tions, and substitute equivalents, which fall within the scope
of this invention. It should also be noted that there are many
alternative ways of implementing the methods and appara-
tuses of the present invention. It 1s therefore intended that the
following appended claims be interpreted as including all
such alterations, modifications, permutations, and substitute
equivalents as fall within the true spirit and scope of the
present invention. The use of the singular in the claims does
not mean “only one,” but rather “one or more,” unless other-
wise stated 1n the claims.

What 1s claimed 1s:

1. A method of depositing a dielectric film 1n a gap on a

semiconductor substrate, the method comprising:

a) providing a semiconductor substrate 1n a deposition
reaction chamber;

b) exposing a substrate surface of the semiconductor sub-
strate to a metal-containing precursor gas to form a
saturated layer ol metal-containing precursor on the sub-
strate surface;

c) exposing the substrate surface to a silicon-containing
precursor gas to form dielectric material in the gap; and

d) exposing the dielectric material to microwave radiation
to modily properties of the dielectric material.

2. The method of claim 1 wherein step (d) removes

hydroxyl bonds from the dielectric matenal.

3. The method of claim 2 wherein substantially all

hydroxyl bonds are removed from the dielectric matenal.

4. The method of claim 1 wherein step (d) increases tensile

stress of the dielectric matenal.

5. The method of claim 4 wherein the tensile stress 1s

increased to at least about 300 MPa.

6. The method of claim 1 whereimn step (d) reduces the

dielectric constant of the dielectric matenial.
7. The method of claim 6 wherein the dielectric constant 1s
reduced to about 4.

8. The method of claim 1 wherein the dielectric material 1s
exposed to the microwave radiation for no more than about 1
hour.
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9. The method of claim 1 wherein a substrate temperature
1s no more than about 400° C. during step (d).

10. The method of claim 9 wherein the substrate tempera-
ture 1s no more than about 300° C. during step (d).

11. The method of claim 1 wherein microwave frequency 1s
between about 0.3 and 4 GHz.

12. The method of claim 1 further comprising, prior to step
(d), repeating steps (b) and (c) until a target dielectric film
thickness 1s substantially achieved.

13. The method of claim 1 further comprising, prior to step
(d), repeating steps (b) and (c) until the gap i1s substantially
filled with dielectric film.

14. A method of preparing a dielectric film on a substrate,
the method comprising:

a) depositing a dielectric material on a substrate, the dielec-
tric material comprising hydroxyl bonds, wherein
depositing the dielectric material on the substrate com-
prises depositing the dielectric material from a vapor by
an atomic layer deposition (ALD) or pulsed deposition
layer (PDL) method; and

b) exposing the dielectric material to microwave radiation
to reduce a number of hydroxyl bonds.

15. The method of claim 14 wherein a substrate tempera-

ture during step (b) 1s no more than about 400° C.

16. The method of claim 14 wherein a substrate tempera-
ture during step (b) 1s no more than about 300° C.

17. The method of claim 14 wherein a microwave 1ire-
quency 1s between about 0.3 and 4 GHz.

18. The method of claim 14 wherein the step (a) comprises
depositing the dielectric material by a thermal, sub-atmo-
spheric pressure CVD method.

19. The method of claim 14 wherein (a) comprises eXpos-
ing the substrate surface to a metal-containing precursor gas
to form a saturated layer of metal-containing precursor on the
substrate surface; and exposing the substrate surface to a
s1licon-containing precursor gas to form dielectric material.

20. The method of claim 14 (a) comprises exposing a gap
on the substrate surface to a metal-containing precursor gas to
form a saturated layer of metal-containing precursor in the
gap; and exposing the substrate surface to a silicon-contain-
ing precursor gas to form dielectric material in the gap.

21. The method of claim 14 wherein substantially all
hydroxyl bonds are removed from the dielectric material.

22. The method of claim 14 wherein (b) increases tensile
stress of the dielectric material.

23. The method of claim 14 wherein (b) reduces a dielectric
constant of the material.

24. The method of claim 14 wherein a substrate tempera-
ture 1s no more than about 300° C. during (b).

25. The method of claim 14 wherein microwave frequency
1s between about 0.3 and 4 GHz.
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